Abstract In this paper we present the measured isotherms of nitrogen, methane, ethane, and propane on three carbons: Norit RB2, Chemviron AP 4-60, and highly activated Saran. The measurements are taken at temperatures between 300 and 400 K, in 20 K steps. The measured data is fitted to the Sips adsorption model, where the Sips parameters are determined by a linearization method. The Sips parameters are further adjusted to realize a logic dependence on temperature and the parameter characteristics are discussed. Subsequently, the Sips model is modified to incorporate the temperature dependence. Including the temperature dependence results in a slightly higher error relative to the experimental results (typically 10 % as compared to 6 %). The immediate research product is a convenient expression for every adsorbate-adsorbent system which is discussed in this paper, for calculating the adsorption concentration as a function of temperature and pressure. A more general research product is a better understanding of the Sips parameter characteristics that should help in developing future adsorbents on demand.
Introduction
Adsorption isotherm data is crucial input in the design of sorption compressors. These compressors can establish a pressurized gas flow by the cyclic adsorption and desorption of a working gas at a sorber (Prasad et al. 1996; Banker et al. 2004; Lu et al. 2006 ). These sorption compressors are thermally driven and operate without moving parts; meaning they are highly reliable, long life, and vibration free. They are suitable for driving Joule-Thomson (JT) cryogenic coolers. Cooling to about 80 K is usually obtained with nitrogen, whereas higher cooling temperatures can be obtained with other fluids, among which methane, ethane, and propane. The development of a sorption compressor for any working fluid relies on the adsorption isotherms at wide ranges of temperatures and pressures. These isotherms usually are not available in the literature and the measurements are done by the compressor developer (Prasad et al. 1996; Saha et al. 2012) . In the present work we have performed adsorption measurements of nitrogen, methane, ethane, and propane on three adsorbents: Norit, Chemviron, and Saran. The experimental results are fitted to the Sips model (Sips 1948) which is a combined form of the Langmuir and Freundlich models and is suitable for describing heterogeneous adsorption systems at a wide range of pressures (Foo and Hameed 2010; Casas et al. 2012 ). In the current research the Sips parameters are derived by linearizing the experimental data, as was suggested by Wang et al. (2008) .
The adsorption characteristics of the four gases on the three adsorbents are discussed, and the Sips model is described in detail. The Sips model is further modified to incorporate the temperature dependence (Tzabar and Grossman 2011; Park et al. 2014 ). The modified form allows for a direct calculation of the adsorption concentration as a function of the temperature and pressure at the expense of a slight reduction in accuracy.
Method of study 2.1 Experimental measurements of adsorption isotherms
We have measured the adsorption of pure nitrogen, methane, ethane, and propane on three different adsorbents: Norit-RB2, Chemviron AP 4-60, and highly activated Saran. The properties of the three adsorbents are detailed in Table 1 . For Norit and Chemviron activated carbons, the BET surface areas and the packing densities are provided by the adsorbent suppliers. The packing density of Saran is calculated by dividing the mass of the adsorbent by the sorption cell volume. The adsorbent pictures appear in Fig. 1 . One should notice the difference between Saran, which consists of compressed spheres, and the two other activated carbons which have more unified bulk structures. The experimental setup is schematically shown in Fig. 2 . The volumes of the sorption cell and the connecting tube are premeasured and the mass of the adsorbent in the cell is determined by weighing the sorption cell. By means of an electric heater the adsorbent is stabilized at a uniform temperature. A specific amount of gas is allowed to flow into the sorption cell from a high-pressure gas bottle via a Bronkhorst M-12 mini-Coriolis flow controller. Temperature and pressure of the cell are measured once an equilibrium state is obtained. Next, this procedure is repeated so that at one temperature the amounts of gas adsorbed and corresponding pressures can be recorded. This is repeated at temperatures between 300 and 400 K in steps of 20 K, except for the system of methane-Saran where the maximum temperature is 380 K. In order to evaluate the adsorbed amount of the gas we need to correct for the void volume of the sorption cell and the connecting tube. The adsorption concentration, C, is calculated as follows:
where _ m is the gas mass flow into the cell, integrated over the time that the valve which introduces the fluid to the sorption cell is open. m s is the mass of the adsorbent, V void cell is the void volume in the sorption cell, V tube is the volume of the connecting tube, q is the density of the fluid, T amb is the ambient temperature, and T, p are the measured sorption cell temperature and pressure, respectively. The volume of the sorption cell for Chemviron and Norit is 18.6 cc and for Saran is 9.1 cc. In the present study we consider V void cell as the void volume around the adsorbent, not including the pore volumes. That makes the adsorption concentration, C, the known absolute adsorption (Gumma and Talu 2010) .
The accuracies of the measured void volumes in the cell and the connecting tube are±2.5 and ±0.1 %, respectively. The accuracy of the adsorbent mass is ±0.3 % and the accuracy of the mass flow rate is estimated as ±2 %. The accuracy of the pressure measurement is ±0.1 % and for the temperature is ±1.5 %. As a consequence, the accuracy of the measured adsorption concentration, C, is about ±8 %. The accuracy of the method was verified by additional arbitrary ''direct measurements'' where we introduced a given amount of fluid to the sorption cell, rather than in steps (were the inaccuracies are accumulated). We repeated this for several gases at a few temperatures and pressures.
Sips adsorption model
The measured adsorption results of the pure gases were fitted to the adsorption model of Sips:
Where p is the pressure in bar, C 0 is the saturated adsorption concentration, a is the adsorption affinity, and n is a dimensionless parameter that qualitatively characterizes the heterogeneity of the adsorbate-adsorbent system. The Sips isotherm is a combined form of Langmuir and Freundlich models deduced for predicting the adsorption in heterogeneous systems and circumventing the limitation of the rising adsorbate concentration associated with the Freundlich isotherm. At low adsorbate concentrations it reduces to the Freundlich isotherm; whereas at high concentrations it predicts a monolayer adsorption in a similar manner as the Langmuir isotherm. Therefore, the Sips isotherm shall be used to describe only monolayer adsorption systems. It is evident that multi-layer adsorption may occur at high pressures for the systems we study. Therefore, the Sips model is used to describe the adsorption at the pressure range of interest, and the C 0 parameter shall not be considered as the ultimate saturation adsorption.
In order to obtain the three parameters directly out of the experimental results, Eq. (2) is expressed in linear form as:
C 0 is iteratively found to obtain a linear relation between ln(p) and ln(C/(C 0 -C)), next n is determined by the slope and then a by the intersect point. This procedure is made for every adsorption isotherm, thus, the parameters are determined as a function of the temperature.
Modified Sips adsorption model
In order to have a single expression for covering the entire temperature range and to further allow extrapolations in temperature and pressure, the Sips model is modified. According to our experience, the parameters C 0 and n in the Sips model are assumed to linearly depend on temperature, whereas a is assumed to have an exponential dependence:
Here C A , C B , a A , a B , n A , and n B are fitting parameters, the pressure, p, is expressed in bar and the temperature, T, in K.
Deviation calculations
A deviation parameter, Dev, is defined for evaluating the agreement between the experimental and calculated isotherm results:
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Experimental results
The experimental results of nitrogen, methane, ethane, and propane on Norit, Chemviron, and Saran are detailed in Tables 4-15 , in the appendix. The symbols in Fig. 3 show the experimental results of each adsorbed gas on the three adsorbents at two of the six measured temperatures: the lowest and the highest measuring temperatures. Saran HA has the highest adsorption concentrations for all gases, and Norit RB2 has the lowest adsorption concentrations for all gases, except for propane at high temperatures. Nitrogen and methane have different adsorption characteristics then propane, where ethane is somewhere in between. The adsorption concentrations of nitrogen and methane are low at very low pressures and significantly increase with increasing pressure. The adsorption concentrations of propane at low pressures are already high and the increase at increasing pressure is much more moderate. In addition, the Table 2 differences in propane adsorption concentrations among the three adsorbent are smaller than for the other gases.
Sips isotherms
The Sips parameters in Eq. (2) were derived by fitting them to the measured isotherms according to the procedure described in Sect. 2.2. Due to the limited accuracy of the measurements (±8 %), the Sips parameters show quite some scatter when plotted as functions of temperature. Also determining the Sips parameters using a non-linear regression procedure in the three-dimensional space of C 0 , a, and n results in a similar scattering of the results. Therefore, we use the linearization method as expressed in Eq. (3) to relate a and n to C 0 . As discussed in Sect. 2.2, the value of n is determined from the slop in Eq. (3) and a from the intersect. This reduces the problem to a single optimization parameter: C 0 . The adjustment of C 0 to obtain a more realistic dependence on temperature (more monotonous) also yields a more realistic behavior of a and n as a function of temperature. Here, the deviation parameter Dev as defined by Eq. (5) was used as the optimization parameter. The resulting Sips parameters are listed in Table 2 . Figure 4 shows the Sips parameters (presented in Table 2 ) of each gas on the three different adsorbents, as a function of temperature. Nitrogen, methane, and ethane show qualitatively similar characteristics where propane shows a different behavior which leads to the conclusion that the adsorption characteristics of propane are different, probably according to its molecule size. Figure 4 also shows that the dimensionless n parameter, which qualitatively characterizes the heterogeneity of the adsorbate-adsorbent system, is constantly decreasing with temperature and seems to depend on adsorbate rather than on adsorbent. Figure 5 compares the Sips parameters of each adsorbent for nitrogen, methane, and ethane, as a function of temperature. Propane is not considered in Fig. 5 since, as discussed earlier, it has different trends and adding its results to the figure disturbs analyzing the other gas results. In each graph of C 0 and n in Figs. 4 and 5 the curves show similar qualitative characteristics (e.g. all have a linear dependency on temperature). Fig. 5a , d, and g suggest that C 0 is more intensively influenced by the adsorbent, rather than by the adsorbate. That means that it is possible to increase the amount of adsorbed gas by adjusting the adsorbent parameters. It is not possible to state which component, the adsorbent or the adsorbate, affects the parameter a the most. It is clear that in most cases the parameter a exponentially decreases with increasing temperature.
Modified Sips isotherms
The modified Sips parameters in Eq. (4) Table 3 also show the difference between the adsorption characteristics of propane as compared to nitrogen, methane, and ethane. However, despite the difference in adsorption characteristics, the Sips model appears to be a valid model for describing the propane isotherms, and in this respect shows similar accuracy as in the case of the other three adsorbates.
Conclusions
The adsorption of nitrogen, methane, ethane, and propane on Norit RB2, Chemviron AP 4-60, and Saran HA is reported. Isotherm measurements were conducted between 300 and 400 K, at pressures up to 80 bar (8 MPa), when possible. A linearization method has been used to determine the Sips adsorption parameters out of the experimental data, which were further adjusted to comply with predefined temperature dependences. The dimensionless n parameter seems to be adsorbate dependent, whereas C 0 is more strongly affected by the adsorbent. The a parameter depends both on the adsorbent and the adsorbate in a similar manner. Whereas the Sips parameters of nitrogen, methane, and ethane have similar trends, propane shows a different adsorption behavior. Nevertheless, the deviations of the Sips and the modified Sips models of propane are similar to these of nitrogen, methane, and ethane. The modified Sips model that is presented in shows a reasonable practical deviation of \10 %, in most cases. This model allows to calculate the adsorption in a direct convenient manner that improves numerical simulations of adsorption processes and cycles. We currently use the modified Sips model in the design of sorption compressors that are developed for refrigeration systems. More generally, a better understanding of the Sips parameter characteristics is reached for future adsorbent developments. For example, it is evident that Saran shows the highest adsorption concentrations for all adsorbates, despite its Sips parameters are similar to these of the other adsorbents. Moreover, Saran adsorbs more than Chemviron even though Chemviron has higher saturated adsorption concentrations.
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Appendix-experimental isotherms
See Tables 4, 5 , 6, 7, 8, 9, 10, 11, 12, 13, 14 , and 15. Table 7 Propane/Norit RB2 isotherms Table 8 Nitrogen/Chemviron AP 4-60 isotherms Table 9 Methane/Chemviron AP 4-60 isotherms Table 11 Propane/Chemviron AP 4-60 isotherms 
